A five-year intensive measurement program of energy and water cycling in the Mackenzie River Basin revealed special attributes of the high-latitude climate system. 
coupled atmospheric-hydrological-land surface models that, on monthly and longer timescales, will replicate the transport of moisture into and through the MRB and into the Arctic Ocean, and understand the changing climate system of a northern region.
Many of the processes and transports are associated with the cold season and it is believed that impacts of a changing climate may be most strongly felt in winter. This makes it important that coupled models can handle cold-season processes.
The environments found in the MRB exist in other parts of North America and Eurasia, and thus research results from MAGS should be representative of areas beyond the confine of the study basin. The basin (Fig. 1 ) stretches over 15° of latitude and covers about 1.8 million km 2 or about 20% of Canada. It has four major physiographic zones: an Arctic coastal plain; a mountainous Cordilleran region in the west; flat interior plains with a myriad of lakes and wetlands; and to the east, the rolling to rugged Canadian Shield, with thin soil mantles and a patchwork of lakes, wetlands, and uplands. It extends northward from the prairies, through the boreal and subarctic forests, discontinuously underlain by permafrost, to the tundra zone of continuous permafrost along the Beaufort Sea coast. The average monthly air temperature ranges from -25° to -30°C in winter to 15°C in summer. Snowmelt occurs in April-June, and average temperatures fall below freezing during September-October. Cold persists longer in northern regions and over higher terrain. The MRB has recently experienced some of the greatest warming anywhere in the world, which has mainly occurred during the cold season (Cao et al. 2001; Stewart et al. 1998) . For instance, the date for spring breakup (as indicated by peak water level) has been occurring steadily earlier in the season (Fig. 3) , which corresponds to the trend toward warmer winter and spring air temperatures.
Typically, about 400 mm of precipitation falls over the basin (Louie et al. 2002) , approximately evenly divided between rain and snow (Mekis and Hogg 1999) , but there is both uncertainty and a large interannual variability in these values. Snow dominates for 6 to 8 months of the year, with the largest amounts accumulating in the western mountains. Annual evapotranspiration averages about 230 mm yr _1 and occurs mainly between May and October ). This value is uncertain, and the spatial patterns Atmospheric moisture. Large-scale moisture inputs to the basin exhibit substantial change with the seasons . For much of the year, flow from a low pressure system centered in the Gulf of Alaska provides most of the moisture for the basin (Lackmann and Gyakum 1996; Smirnov and Moore 1999) . Much and spring the precipitation maximum is between 1200 and 1400 m (Proctor and Smith 1998) systems with origins farther north are common , and the MRB of the moisture in this southwesterly geostrophic flow can help generate interhemispheric air masses and poderives from the North Pacific basin, including tropitential energy (Wintels and Gyakum 2000) .
cal regions, and this provides moisture for substanCalculations of the atmospheric moisture budget tial winter precipitation (Lackmann and Gyakum confirm that, on an annual basis, the basin imports 1996; Lackman et al. 1998) .
Precipitation over the western portion of the basin is orographically induced. more moisture than it exports, but in summer, it becomes a net source of moisture that is exported downwind out of the basin (Proctor et al. 2001; Strong 1997; Strong et al. 2002; Walsh et al. 1994) . Atmospheric moisture balances disagree with the calculated surface water balance, primarily because of basin storage in snow, wetlands, and lakes (Strong et al. 2002) .
There is a large annual cloud cover (approximately 65%) in the basin, and large diurnal, seasonal, and interannual variability . Much precipitation produced aloft cannot reach the surface, especially in winter (Burford and Stewart 1998; Hanesiak et al. 1997; Szeto et al. 1997 ). The form of precipitation (rain, snow, freezing precipitation) varies greatly over the basin and exerts major impacts on snowpack evolution ). The summer convective storm season is short but intense. The relatively high frequency of lightning is the major cause of widespread forest fires (Kochtubajda et al. 2002 ) that act as hydrological agents by changing the surface cover.
Snow hydrology. Mass and energy fluxes in winter and spring are governed by snow interception, redistribution, sublimation, and ablation processes, with large differences in these processes between forest and tundra. During intensifying anticyclones, tundra is most prone to blowing snow Taylor 2001; Yau and Zhang 2001) . Blowing snow is rare in boreal forest because the winds are too weak (< 7 m s-1 ).
The interception of snow in forest canopies is controlled by leaf area, canopy closure, vegetation type, time since snowfall, snowfall amount, and the existing snow load. For example, forest canopies can store up to 60% of cumulative snowfall by midwinter, and sublimation losses from the canopy range from 30% to 45% of annual snowfall for coniferous forests in southern and montane regions ).
This contrasts to sublimation from blowing snow in tundra, which is largely a function of wind speed and surface roughness, and can compose up to 30% of the total snowfall Pomeroy and Li 
2000).
In the Trail Valley Creek basin ( Fig. 1) , differences in erosion and interception of blowing snow by vegetation and terrain type can result in magnitudes of snow water equivalent (SWE) at the end of winter that vary almost tenfold between upland tundra, shrub tundra, and snow drifts (Marsh and Pomeroy 1996) . Pomeroy et al. (1997) showed that this difference is also due to sublimation during blowing snow, which over one winter removed 20% of annual snowfall. One study shows 31% of the total SWE occurring in tundra areas that cover 70% of the basin, 35% in shrub areas that cover 22% of the basin, and the remaining 35% in the drift area that cover the remaining 8% of the basin. This concentration of SWE into drifts delays runoff due to percolation through the deep snow.
It can also affect remote sensing results that employ passive microwave estimates of SWE. These best match the SWE on the extensive upland tundra areas, not the average basin value ).
The impacts of blowing snow on both the redistribution of snow and the snow available for runoff need to be accommodated for successful runoff modeling ).
The disintegration of shallow tundra snow covers during ablation exposes patches of bare ground and this results in large increases in absorbed solar radiation that accelerates snowmelt exponentially through the local-scale advection of sensible heat ). Thus, processes operating at very small scales can affect large-scale water and energy budgets ).
Infiltration of snowmelt into frozen ground involves simultaneous coupled heat and mass transfers with phase changes (Stein and Kane 1983; Zhao et al. 1997 ). The processes are complex, and a multilayered soil model with small grid spacing best describes the resulting soil temperature gradients ).
However, Janowicz (2000) has had reasonable success estimating this infiltration by using a parametric relationship that includes soil texture, soil temperature, and frozen soil moisture at the onset of melt, as well as melt duration for forest, shrub, and tundra. Marsh and Pomeroy (1996) Upper parts of the peat profile conduct water the best and, as a result, runoff response is much more rapid when the water table is near the surface (Quinton and Marsh 1999; Quinton et al. 2000) .
In the wetland-dominated lower Liard River valley ( (Table 2) indicate that group A basins have less annual runoff and a smaller snowmelt fraction than group B. A feasible explanation is that group A basins store more potential spring runoff water in a higher density of wetlands and channel fens, and that this stored water subsequently increases evapotranspiration.
FIG. 4. Estimates of the annual water balance at Trail Valley and Havikpak Creek basins (Marsh 1999).
However, the above hypothesis it not supported by an interpreted land satellite (LANDSAT) image [see Pietroniro et al. (1996) Such upslope water losses reduce runoff to downslope, soil-covered zones, making it more difficult to overcome water deficits. Dry conditions exacerbate the disconnection between bedrock and soilcovered slopes. Any hill slope runoff will almost always be routed through headwater lakes prior to reaching higher-order streams. The relatively large storage capacity of these lakes dampens the volume and lags the timing of runoff. The unsuccessful ap- water equivalent of net radiation (£/ EQ) ratios at all sites studied exceed 0.45. E/EQ is largest for shallow lakes and wetlands (Table 3) In moist conditions at treeline, warmer temperatures will enhance evapotranspiration from the terrestrial system if the available water supply is sufficient. For example, a 4°C increase in mean summer temperature can augment evapotranspiration from a wetland by about 11% (Rouse 1998) .
Lake systems. Lakes of different sizes represent about 10% and the large deep lakes about 3.5% of the entire MRB (Fig. 1) . They have the highest evaporation rates of any high-latitude surface (Rouse et al. 2000b ). High temperatures and large solar radiation can increase annual evaporation from a shallow lake by more than 50% and from Great Slave Lake by more than 30%.
Shallow lakes warm quickly in spring and have very high evaporation rates until they freeze in the fall.
Large deep lakes take longer to warm but stay thawed into early winter and evaporate significantly more water (Rouse et al. 2000a ). Thus the frequency and size of lakes in a given landscape greatly influences the magnitude and timing of evaporative (and sensible) heat inputs to atmosphere.
The large heat capacities of the larger lakes can moderate regional heat and moisture patterns. The heat storage of Great Slave Lake, a large deep lake, varies significantly from year to year (Fig. 5a ). Great Slave Lake's normalized annual heat content is comparable to the Lower Laurentian Great Lakes (Schertzer 1997) . A complete winter ice cover effectively restricts air-water heat and mass exchange. Ice breakup ranges from 31 May to 24 June and freezeup from 24 November to 30 December, with an average ice-free period of 170 days (Walker et al. 2000) .
The lake becomes isothermal in October at approximately 8°-9°C, approaches the 4°C temperature of maximum density in mid-to late October, and thereafter shows a near 4-month period of minimum beneath-ice temperatures (Schertzer et al. 2000b ).
During spring, the total heat flux is dominated by high net radiation contributing to lake heating (Schertzer et al. 2000a ). The progression of the 4°C vernal front from near shore to midlake may extend over a period of 4-5 weeks (Schertzer et al. 1999 ).
The development of thermal stratification can be easily perturbed by intense spring storms that significantly deepen the upper mixed layer. That, in turn, reduces the surface temperature and can affect the thermal stratification characteristics for the remainder of the summer, consequently affecting both the surface heat and mass exchanges.
The maximum surface temperature of Great Slave Lake varies from 17° to 25°C (Bussieres 2002) . At
FIG. 5. (a) Great Slave Lake annual heat content cycle for 1998 and 1999 (Schertzer et al. 2001), and (b) cumulative evaporation in the period 1997-99 (Rouse et al. 2001).
these temperatures the entire lake is freely evaporating to the overlying atmosphere. Evaporation is episodic and shows strong association with wind events (Blanken et al. 2000) . The asymmetry between heating and cooling rates (Fig. 5a ) is due to large heat storage in spring and summer and increased evaporation during the fall ice-free period as the warmer water surface exchanges both heat and mass with the cold overlying air. Annual cumulative evaporation (Fig. 5b) for 1997, 1998, and 1999 was estimated at 386, 505, and 420 mm, respectively. Final ice freezeback occurred 26 days later in 1998 than in 1997, due to the very warm summer and fall conditions, and evaporation was near the longer-term mean of 500-750 mm yr 1 determined for the Laurentian Great
Lakes (Schertzer 1997 ). The differences in evaporation between the three years demonstrates sensitivity of the lake to changes in meteorological conditions and length of ice-free season and indicates some of the likely responses of large lakes to climate warming.
model solar and ultimately all-wave net radiation will establish the overall energy available to drive regional climate models. It is necessary to check the validity of the radiation fields generated by these models on a regional scale. Figure 6 represents a useful method for such evaluation. The fields were generated from outgoing fluxes deduced from Advanced Very High
Resolution Radiometer (AVHRR) channel-1 measurements using algorithms and procedures described by Leighton (2001) . The derived net surface solar radiation fluxes (Kn) were evaluated against the tower measurements at the Havikpak Creek and Trail
Valley Creek sites and measurements over Great
Slave Lake (Fig. 1) . Mean differences between the surface measurements and the satellite retrievals were less than 5 W m~2 (Leighton 2001) . linking the terrestrial-hydrological system to the atmosphere, is CLASS (Verseghy 1991 (Verseghy , 1993 .
WATFLOOD and CLASS are linked through WATCLASS 1 (Soulis and Kouwen 2001) , which has been a major development during MAGS 1.
WATCLASS has been successfully tested in the MRB and the results are encouraging. Figure 7 indicates that for the whole Mackenzie River basin, and for a small sub-basin (Arctic Red River), the timing of discharge events is being reproduced well, but the magnitudes can be substantially under-and overesti-mated. The problems with magnitudes are being actively investigated and it is believed that better meteorological forcing through the coupling with the regional climate model mentioned above, and other improvements, will increase the accuracy of the coupled model efforts.
Predictability studies. Canadian global spectral forecast model (Ritchie 1991; Ritchie and Beaudoin 1994) Fig. I) .
each of these land surfaces using different parameters.
However, the energy balance is not a linear function of the parameters, so it is not possible to use a simple generally agree with measured differences in the spatial distribution of SWE (Walker et al. 2000) .
A number of new approaches to estimate evapotranspiration for the MRB have been initiated, or a need for them identified. Parameterizations have been developed for the estimate of evapotranspiration using AVHRR data and a feedback relationship that predicts the atmospheric vapor pressure deficit from observed surface temperatures (Bussieres et al. 1997; Granger 1997 ). An estimate of lake evaporation using remotely sensed data works well during advective situations where unstable conditions exist within the boundary layer, but further development is needed for stable conditions. Substantial potential errors that can result from the application of traditional "flat earth"
approaches to the calculation of fluxes on sloping terrain have been postulated (Granger 2001) . This suggests a need for new approaches, based on a better understanding of turbulent flow on slopes, to ensure confidence in the calculation of the regional energy balance in mountainous areas (Granger 2001 ).
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